Abstract
Introduction
Today, flowsheeting program packages are commonly used in chemical engineering for the design of processes involving fluids (e.g. 1)). There are several established systems for the simulation of fluid processes. Among these are, for example, Aspen plus 2) , Pro/II 3) or Chemcad 4) . The simulation of processes which involve solids is not as advanced, but it is common practice to design and optimise each apparatus separately from the others, neglecting its influence and dependence on the neighbouring processes. For simulation of the process, mathematical models for the individual units are used and the results are transferred manually from unit to unit. While this is feasible without significant loss of information for several units in series, it fails if there is a recycle loop which feeds back an outlet stream of one unit into another unit placed upstream. In that case, the simulation of the whole flowsheet has to be done iteratively, which is not or only in a very limited way possible by manual sequencing. In each case, simulating a process by this method is quite a time-consuming process.
Furthermore, the simulation unit by unit permits finding optimal operating conditions for each unit operation or apparatus. But such a sequential optimization of individual units will not necessarily lead to a global optimum for the whole process.
The reason for the gap between the simulation of fluid and of solids processes is basically the need for a more complex description of the solids. In addition to the parameters needed to characterise a fluid, for solids the dispersity has to be described, e.g. by the particle size. The description of the dispersity usually requires a distributed parameter, thus increasing the complexity of the information to be transferred between the different units of a flowsheet. A more detailed discussion of this problem will be given in the following sections of the paper.
While most of the simulation systems for fluid processes also offer some basic support for the simulation of solids processes, they are mostly used exclusively for the simulation of fluid processes. On the other hand, there are some specialised flowsheet simulation systems for solids processes, e.g. USimPac 5) , JKSimMet 6) , PMP FBSim 7) , SoProSim 8) , AggFlow 9) , Rockworks 10) and METSIM 11) . These packages are either limited to physical non-thermal and non-reactive processes or to quite narrow industrial sectors, e.g. ore or earth processing or metallurgy. Quite often the interaction between the solids and the surrounding fluid is neglected.
Against this background, the simulation program SolidSim was developed by a group of 11 institutes from 9 German universities. The aim of this development was a generally applicable flowsheet simulation system, providing all the structures necessary for the description of solids and the simulation of solids processes, including physical treatment, thermal treatment and also for reactions. The system should not be restricted to solids processes only, but it should also be possible to extend the system towards fluid processes. Further requirements were easy handling via a graphical user interface and the interoperability with other simulation systems. The latter was achieved by implementing a standardised interface as defined by the Cape Open Laborator y Network (CO-LaN, 12) ). At the moment, the simulation package is for steady-state simulation only.
Simulation of Solids Processes
The most obvious difference to the simulation of fluid processes is the necessity of using distributed attributes to describe solids. The most important but not the only attribute is the particle size. The introduction of a distributed parameter, which usually has to be discretized, increases the number of variables by an order of magnitude or even more.
Since the fate of a particle in many processes depends on its particle size, some other parameters describing the particle may depend on the particle size. For example, when particles are dried in a dryer with a perfect plug flow of solids, the remaining humidity inside a particle will depend on the particle size, unless all particles are completely dried. Large particles will have a higher moisture content than the smaller ones. Thus, we need the moisture content as a particle-size dependent attribute. To extend the example of the dryer, we may now assume that there is no plug flow of the solids, but for the solids the dryer might behave like a stirred tank. In that case the particles of each particle size will underlie a residence-time distribution. The particles with a short residence time will have quite a high residual moisture, while particles of the same particle size which stay for a longer period in the dryer will have a lower moisture content. Thus, the moisture content in each individual class will be a distributed parameter. This distribution of the moisture content will again be sizedependent as the average moisture of the fines will be lower than that of the coarse particles. Similar secondary distributions will result if the particle undergoes a reaction.
While for the drying example, the secondary distribution might not be very important and could be replaced by average values, for the processing of ores, the content of metal in the ore as a secondary attribute could be crucial for the whole concentrating process.
Generally, in flowsheeting simulation programs different phases are distinguished. Here, the term phase is defined as 'a stable or metastable collection of compounds with a homogeneous composition, which can be distinguished from other phases through the presence of physical interfaces that separate states of matter with different characteristics, such as density. Each phase has an associated state of aggregation, i.e. gaseous, liquid or solid' 13) . The requirement of a physical interface allows multiple liquid phases, e.g. oil and water, but only one gaseous phase. Also for solids, a physical interface can hardly be defined. Therefore all different types of solids belong to the same phase and the type of solid is only one more attribute in the attribute hierarchy. Looking onto the stream of solids entering an apparatus, this makes sense. For example, a gas cyclone does not distinguish between different types of solids as long they have the same size and density, or, to be more precise, the same terminal velocity. It would make no sense to feed the different types of solids one after the other to the cyclone model, since they interact and will influence each other. The cyclone model does not even require the information on the solids type; it needs only information about the terminal velocity. While the model of the cyclone will calculate the separation according to this primar y attribute, there is also an implicit change of the other dependent attributes. If a compound A consists of heavier and larger par ticles than a second compound B, compound A will be enriched in the underflow of the cyclone, while compound B will be enriched in the fines carried out together with the gas. This implicit change of any dependent attribute has to be calculated by the system. As for the example of the gas cyclone, it is a general problem when dealing with mixtures of solids that most models of apparatus or unit operations for solids are derived for one type of solids with a constant density only. For classification processes, the particle size is then usually used as the dispersity attribute to which separation rates are assigned. But examination of the physical mechanism of the classification process often yields that it is not the size that is the governing parameter, as in the case of the gas cyclone, but the terminal velocity. To allow simulation of the classification of mixtures of solids, the models therefore have to be rewritten such that the fractional separation efficiency is indeed a function of the governing parameter. Only if there is no interaction between the particles, a model can be taken as published and the different types of solids can be fed individually to the model and be mixed again at the outlet.
Structure of Solidsim
Generally, flowsheet simulation programs may be classified into two groups, block-oriented programs and equation-oriented programs. The former resemble the manual sequencing of individual models for the different units as described above, but with automation of the information transfer between the blocks. Loops are solved iteratively by calculating the units or blocks within the loop repeatedly. The equation-oriented systems put all the model equations for the different units of a flowsheet into one big equation system and solve the whole system with a suitable solver.
The block-oriented approach has the disadvantage that it cannot be used for dynamic simulations due to excessive computing times. On the other hand, the equation-oriented approach puts high demands on the solver. For fluid processes, the equation systems may already become very large with several tens of thousands of variables and equations. With the distributed attributes necessar y for solids processes, the size of the equation system will increase even more, reaching the limits of computational resources available today. Even more important, the inclusion of population balances will change the nature of the equation system to a system of partial and ordinary integro-differential equations 14) . Up to now for very large systems of this type, no generally applicable solvers are available. This forced the decision to design SolidSim as a block-oriented system. The program system is divided into four major parts: the simulation environment, which provides the basis of the whole system, the stream objects, which transport and manage the inserted stream information and the model library with the unit models, the property package, that provides the physical data and the phase equilibrium for the materials in the stream objects. For the interconnection between these basic elements, the interfaces as defined by the CAPE-OPEN standard 13 ) are used as far as possible.
The not yet completely publicly available version 1.1 of the standard was used. A sketch of the structure is shown in Fig. 1 . The plugs and sockets denoted by Thermo SE have been extended within the present work for the treatment of solids (SE Solid Extension). The extension allows easy handling of distributed properties. Additionally, in Fig. 1 , the communication with other simulation packages is indicated. Using the CAPE-OPEN standard, a detailed flowsheet simulated with SolidSim may be used as one module in an external CAPE-OPEN-compliant simulation environment, using the standard interfaces for the communication. Another possibility for use of the functionality of other simulation packages in connection with SolidSim is to incorporate modules from other packages as unit models into the SolidSim environment. Very important is the possibility to use external property packages inside SolidSim, since the development of a detailed property package was not within the focus of the present work, and only a very basic property package is part of the SolidSim system. Tests with ; all packages have been used successfully to provide the fluid data necessary for simulation.
The Material Stream Object
One major development task in the present work was the development of the stream objects, i.e. the structures to store the current status of a material stream connecting two subsequent models or units in the flowsheet. The stream objects have to provide the models with all properties of the incoming materials, i.e. fluids and solids. The schematic structure of the material stream object is depicted in Fig. 2 . The material stream is described by overall properties such as temperature, pressure and total flow. The matter of the stream is divided into different phases each characterised by an ID and the state of aggregation. Required properties are the phase fraction (concentrated) and the composition (distributed). In addition, further phase properties can be defined as either concentrated or distributed. A typical distributed property is the particle size distribution, while e.g. the density will typically be a concentrated parameter. In some cases, however, the density might also be a distributed parameter, e.g. in the case of soil, which in detail consists of different materials, but which may be treated within the simulation system as one single compound. In general, the user has to decide for each attribute whether it is necessary to describe it by a distribution or if it is sufficient to use a single value as a concentrated parameter. The system is not restricted to a limited list of properties, but the user is allowed to introduce any new property to the system, as long as at least one unit model makes use of this property.
While for the implementation of the fluid part and for the storage of concentrated properties existing approaches could be used, the implementation of the solids part with the distributed properties had to be newly developed.
The design goal was a structure which allows the efficient storage of and access to complex hierarchies of nested and dependent distributed solids properties. In addition, the stream object should be able to provide the information to the unit models in an appropriate manner, i.e. it should only give the information needed by the module, hiding all additional complexity.
For the storage and access of a hierarchy of attributes a tree structure is often used. But this kind of structure requires rearrangement of the tree if the hierarchical dependencies change. Since during a simulation run, the hierarchical structure changes from unit to unit, this causes a significant computational overhead. Therefore, instead of the tree structure, the data in SolidSim is stored in an n-dimensional matrix, with n being the number of dependent attributes. As an example, a matrix for three distributed attributes (i, j, k) is shown in Fig. 3 . In this matrix, each cell represents the mass fraction Q3 of the matter of a phase that can be described by the combination of the different property classes. The highlighted cell represents the mass fraction of all particles which can be described by the 2nd class of attribute i, the 5th class of attribute j and the 1st class of attribute k. For the sum of all entries in the matrix, it holds that.
This structure allows access to all combinations of attributes in any arbitrary sequence without any resorting.
As a solution for the problem of attributes being implicitly changed between entrance and outlet of a unit as described above for the example of a gas cyclone, a movement matrix has been introduced. Instead of directly writing the changed attributes to the outlet streams, taking care of all dependent attributes, the unit model only has to fill a movement matrix, which includes only attributes which are explicitly changed. The dimension of the movement matrix is equal to two times the number of explicitly changed attributes. For the example of the cyclone, the explicitly changed attribute would be the terminal velocity only, thus the dimension of the morement matrix is equal to two. In cases where only one attribute is explicitly changed, the movement matrix is a square matrix (c.f. Fig. 4 ) quite similar to a breakage matrix known from comminution. It assigns the material in a certain class at the inlet to any of the defined classes at the outlet. For a classification, only the fields on the diagonal will be filled, all the other fields will be zero. The values Ti,j with i j on the diagonal are the fractional separation efficiencies. For size reduction, the matrix will have non-zero values only in the lower left triangle (Ti,j with i ≥ j ), for an agglomeration process, only the upper right half (Ti,j with i j ) will be filled with non-zero values. Only the transformation matrix is computed by the model of a unit and then passed back to the material stream object. This will apply the transformation matrix to the whole attribute matrix, thus ensuring that all implicit changes of dependent attributes are correctly calculated.
Model Librar y
The model library is basically a collection of independent software modules containing one or several models for a certain apparatus or a unit operation. For each apparatus, models of different complexity and different requirements with respect to the input data are used. This allows the use of different models in different stages of the design process, e.g. in an early design phase quite simple models which need only a few data that are easy to measure or estimate, and more complex models with higher requirements with respect to the data to simulate or optimise an existing plant. Models from the open literature have been selected for implementation. The models have been chosen together with experts from industr y, based on their experience with the models applied to industrial units. Most of the models had to be rewritten such that they depend on the parameters which really determine the physical process, e.g. as mentioned above, the models for gas cyclone and hydrocyclone have been rewritten to employ the terminal velocity as the independent parameter instead of the combination of particle size and density.
While in fluid processing the absolute geometr y of an apparatus usually has only a minor effect on the result and is therefore neglected in most simulations systems, for many of the solids-processing units, the geometry directly affects the result of the process; for example the cut size of a gas cyclone is not only affected by the velocities and solids loading, but depends directly on the absolute diameter of the cyclone. Due to this influence, most of the modules require information about the geometry of the apparatus, in some modules even two calculation modes are implemented, one with a user-defined absolute geometr y (simulation mode) and another in which the geometry is calculated by the module itself (design mode).
The software modules were implemented as COM objects, so that they can be added and removed during runtime. They communicate with the simulation environment via the Cape-Open Unit 1.0 plug/socket and with the connected streams via the extended Thermo SE 1.1 plug and socket (Figs. 1, 5) . The Unit 1.0 interface is mainly used to control the program logic and execution sequence, the Thermo SE 1.1 interface is used to query all information about the materials involved. In the case of solids processes, Fig. 4 Structure of a movement matrix additional information, e.g. on the geometry of the apparatus is usually necessary; such information has to be queried from the user by the user interface provided by each module. Usually only parameters purely related to the apparatus should be queried this way. Since some models rely on parameters which are a combination of material properties and machine parameters, this rule cannot be followed strictly. In such cases, these combined parameters also have to be queried from the user. In order to facilitate the development of unit models, a 'base unit class' has been implemented which forms the common basis of all the modules (Fig. 5) . The task of this base unit is twofold. First it should hide all implementation details for the communication between the different software components from the engineering-oriented developer of the unit model.
The second task is to provide and ensure a minimal functionality, e.g. to copy input to output streams, to check mass balances, to provide methods for connecting streams to the ports of the apparatus, etc. In the simplest case, the model implementer should only have to implement specific calculation and initialisation routines and to provide some basic information about entrance and exit ports.
The model library is still far from being complete, but it already covers the most important areas of particle technology. It contains modules for classification and separation, size reduction and size enlargement, dr ying, par ticle generation by cr ystallization and also for a gas-solids reactor. Table 1 gives a list of solids processing steps for which models have been developed together with the name of the responsible project partner. The implementation of further solids processing steps as independent modules is either planned or already in progress.
Another possibility to extend the model librar y is to create aggregate units. These aggregate units combine existing modules as a sub-flowsheet, which afterwards can be used as a new unit model. This approach allows, for example the creation of a module for a circulating fluidised bed simply by combining a fluidised-bed module with the cyclone module. Another example which has already been tested is the creation of a module of a classifier mill, which has been simulated by the combination of a crusher and a sifter.
Application of Solidsim
The application of the developed system shall be demonstrated with two examples. The first one, a closed grinding circuit, is quite simple. It consists of only two units and needs as the only attributes the material and the particle size distribution to describe the solids. The second example is a process for the physical treatment of contaminated sludge. This example is much more complex, it consists of 9 major units plus several auxiliary units such as mixing points, splitters and pumps. Furthermore, a controller is involved.
Simulation of a Closed Grinding Cicuit
Size reduction is usually done in a closed circuit, i.e. a combination of a mill or crusher and classifier, which sends the coarse material back to the size reduction step. This combination of the size reduction unit and the classification unit might either consist of two independent units or alternatively one single unit. Fig. 6 shows a screenshot of SolidSim with a flowsheet of a closed milling circuit. The feed is coal with a particle size distribution ranging from about 50μm to 10 mm as shown in the screenshot. The sieve has a mesh width of 0.8 mm, the mill used in this example 19) , the description of the classification with the sieve is based on a classification function by 20) . A detailed description of the models can be found in 21) . The parameterization dialog of the mill can be seen in Fig. 7 .
It takes about 30s to iteratively solve this problem. The results of the simulation are as shown in Figs. 8  and 9 . In Fig. 8 , the particle size distribution of the product is plotted, whereas Fig. 9 gives an overview on the different streams in the flowsheet. In this case the total mass flow, the mass flow of solids (which is equal to the total mass flow since no fluid has been defined) and the medium particle size x 50 (last column) for all the streams are shown. The simulation yields that the recycle stream has a mass flow nearly twice the size of the feed mass flow.
Using the SolidSim system for this simulation allows the configuration of the circuit to be easily changed. While in the first version of the circuit, the feed enters the mill first, for the second version as shown in Fig. 10 , the feed flow enters the sieve first, thus removing the fines before entering the mill. The calculated results are shown at the bottom of Fig. 10 . The simulations show that in this case, the flow through the mill is slightly reduced, while the throughput through the sieve is increased. In addition, the PSD of the product is changed minimally; the product has a slightly higher medium size x 50 .
Simulation of a Soil Washing Process
As a second, more complex example, SolidSim has been applied to a special soil washing process, namely the physical treatment of contaminated harbour sludge. The process has been developed by the authors' group which has been in operation in Hamburg 22, 23) for several years. This process takes advantage of the fact that the extent of contamination 
Fig. 11
Size-dependent contamination of dredged sludge (harbour of Hamburg) with lead. On the right side, the cumulative mass distribution of the particle size is plotted. Fig. 9 Result of the simulation of the flowsheet according to Fig. 6 , screenshot of the stream overview. depends on the particle size. This is illustrated in Fig.  11 . In the right-hand part of the graph, the cumulative mass distribution of the particle size is plotted.
On the left side, the contamination of the different particle size classes is shown. It can be seen that the fraction of particles with a size below 25 m making up about 35% of the mass has a lead concentration of about 160 ppm. The area of the bars in the left part of the diagram is proportional to the mass fraction of contaminants of the respective class in the total contamination. Thus, removing the fine particles with dp < 25 m will remove only about 35% of the mass but more than 80% of the contamination, resulting in a highly contaminated fraction of fines and a coarse fraction with a low concentration of lead. The technical process for this classification and dewatering as it is employed in Hamburg is shown in Fig. 12 . It consists of several sieves, hydrocyclones, an elutriator, screen belt presses and some other units. The models used for the simulation of the different units may be found in reference 21). With the fairly large number of units and several recycles of the process water with fines, this process is certainly too complex for manual simulation. Furthermore, it demonstrates the use of a dependent attribute which is in this case the particle-size-dependent contamination. Simulation with SolidSim allows prediction of the influence of changes of operating conditions or the influence of a change of a single unit on performance of the whole process.
It also allows finding suitable operating parameters to keep the sand fractions below given contamination limits when the dredged sludge changes or even to improve the process by performing several simulation runs with variations of the operating parameters or of the flowsheet itself. Up to now, no mathematical optimization feature is implemented, but the structure of the program allows for a respective extension of the system in the future. Fig. 13 shows a screenshot of SolidSim with the flowsheet of the process. The process has been simulated with a mass flow at the entrance of 9 kg/s fluid and 1 kg/s solids. Fig. 14 shows as results of the simulation the particle size distribution and the distribution of the lead contamination for both the sand fraction and the sludge.
The results show that 52% of the solids fed to the process remain in a highly contaminated "sludge" product, while the remaining 48% are collected in the less contaminated products "coarse material", "sand", and "fine sand". These latter materials may be reused for road building or other purposes, whereas the sludge has to be dumped in a landfill for hazardous waste. The separation process reduces the required disposal volume by roughly 50%.
Conclusions
The complex description of solids with their distributed and dependent attributes puts special demands on systems for flowsheet simulation. With the package SolidSim, a system has been developed that meets these requirements. It is the result of the joint effort of specialists from university and indus- 
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